NUCLEAR SCIENCE AND TECHNIQUES 26, 050404 (2015) 


Azimuthal dependence of single-event and multiple-bit upsets in SRAM devices 
with anisotropic layout* 


ZHANG Zhan-Gang (3K 4X), 3 LIU Jie (XZ), © HOU Ming-Dong (48 78),! SUN You-Mei (7) 72 #9),! 
Hf) 1.2 


SU Hong (975h),! GU Song (#3), +? GENG Chao (Bki8),! YAO Hui-Jun (Wk ),! LUO Jie (F4 
DUAN Jing-Lai (ExHICK),! MO Dan (S£F4),! XI Kai (J) #1),!? and EN Yun-Fei (AZ W 
‘Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China 
University of Chinese Academy of Sciences, Beijing 100049, China 
3Science and Technology on Reliability Physics and Application of Electronic Component Laboratory, 


China Electronic Product Reliability and Environmental Testing Research Institute, Guangzhou 510610, China 
(Received August 30, 2014; accepted in revised form September 23, 2014; published online October 20, 2015) 


Experimental evidence is presented showing obvious azimuthal dependence of single event upsets (SEU) and 
multiple-bit upset (MBU) patterns in radiation hardened by design (RHBD) and MBU-sensitive static random 
access memories (SRAMs), due to the anisotropic device layouts. Depending on the test devices, a discrepancy 
from 24.5% to 50% in the SEU cross sections of dual interlock cell (DICE) SRAMs is shown between two 
perpendicular ion azimuths under the same tilt angle. Significant angular dependence of the SEU data in this 
kind of design is also observed, which does not fit the inverse-cosine law in the effective LET method. Ion 
trajectory-oriented MBU patterns are identified, which is also affected by the topological distribution of sensitive 
volumes. Due to that the sensitive volumes are periodically isolated by the BL/BLB contacts along the Y-axis 
direction, double-bit upsets along the X-axis become the predominant configuration under normal incidence. 
Predominant triple-bit upset and quadruple-bit upset patterns are the same under different ion azimuths (L- 
shaped and square-shaped configurations, respectively). Those results suggest that traditional RPP/IRPP model 
should be promoted to consider the azimuthal and angular dependence of single event effects in certain designs. 
During earth-based evaluation of SEE sensitivity, worst case beam direction, i.e., the worst case response, should 


be revealed to avoid underestimation of the on-orbit error rate. 
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I. INTRODUCTION 


Single event effects (SEEs) are becoming one of the criti- 
cal reliability concerns for space-borne electronic devices, es- 
pecially with technologies further downscaling [1, 2]. Thus, 
earth-based testing and modeling of single event perfor- 
mances to predict the on-orbit error rates are of significant 
importance to guarantee the reliability of integrated circuits 
(ICs) for space missions [3]. Rectangular parallelepiped 
(RPP) and integral rectangular parallelepiped (IRPP) mod- 
els [4-7], whose efficacy has been verified by years of on- 
orbit performance data [8], have enjoyed almost 30 years of 
success and wide-spread use for error rate predictions in the 
space environment [9]. 

However, one of the inherent assumptions in the RPP/IRPP 
model is that charges deposited by single ions are collected 
in a single sensitive volume (SV), which may fail as ap- 
plied to devices in which charge sharing effects between ad- 
jacent sensitive nodes cannot be neglected. For instance, 
multiple-bit upset (MBU) caused by single incident parti- 
cles happens more frequently in advanced ICs due to the 
reduced distance between sensitive nodes. However, the 
RPP/IRPP model is incapable of predicting MBU accurately 
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and, hence, may underestimate the on-orbit error rates of 
MBU-sensitive devices. Additionally, radiation hardened by 
design (RHBD) techniques, such as dual interlocked cells 
(DICE) [10], triple modular redundancy (TMR), and ac- 
tive delay elements (ADE) [11], use redundant elements for 
the protection of circuits from single volume charge collec- 
tion. Those structures will only be flipped by multiple vol- 
ume charge collections and, hence, can be very sensitive 
to tilted and azimuthal ion incidence [12]. Consequently, 
instead of only using normally incident ions during earth- 
based heavy-ion testing, complete measurements, including 
angled ion strikes and azimuthal evaluation, should be per- 
formed to mimic the omnidirectional space radiation, find 
the worst-case beam direction, and avoid underestimation of 
the on-orbit performance of MBU-sensitive devices and de- 
vices hardened by redundant elements, especially for those 
with anisotropic layouts. Besides the published results on the 
azimuthal dependence of single event transients (SET) [3], 
single event upsets (SEU) [12-14], and MBU [15], more data 
should be collected to probe the inner mechanisms and con- 
tribute to the developments of accurate error rate prediction 
models based on or instead of the RPP/IRPP model. 


In this work, MBU-sensitive and DICE static random ac- 
cess memories (SRAMs) were irradiated by heavy-ions with 
various tilt angles and azimuths to reveal the azimuthal de- 
pendence of single event responses and the underlying mech- 
anisms. Obvious discrepancies in SEU cross sections under 
different ion azimuths are shown in the DICE-SRAM de- 
vices. Trajectory-oriented MBU patterns are identified in the 
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TABLE 1. Description of DUTs including device type, manufacturer, organization, package, technology, and type 


Device type Manufacturer Organization 
B8R512K8b Vendor A 4 Mb (512 kb x 8) 
B8R256K32b Vendor A 8 Mb (256 kb x 32) 
IDT7164 IDT 64 kb (8 kb x 8) 
IDT71256 IDT 256 kb (32 kb x 8) 


anisotropic-layout devices, although the predominant triple- 
bit upset (TBU) and quadruple-bit upset (QBU) patterns are 
the same under different ion azimuths. The inner mechanisms 
are analyzed based on the device layout, which is obtained by 
a reverse-engineering technique. 

The experimental setup is presented in Sec. II, including 
devices under test (DUTs), radiation source, test system, and 
MBU identification. Section III shows the experimental re- 
sults and analysis. The implications for hardness assurance 
testing are discussed in Sec. IV. 


II. EXPERIMENTAL SETUP 
A. DUTs 


In this work, two kinds of SRAM devices were selected for 
azimuthal effects testing. The first kind is upset hardened by 
DICE [10], which is immune to single node charge collection 
and the sensitive node pairs must be simultaneously struck 
for an upset to occur [13]. The other kind is a military-level 
SRAM device from the Integrated Device Technology (IDT) 
company, which can be very sensitive to MBU [16-18] due to 
the layout of the memory cells. Details regarding the DUTs 
are reported in Table 1. The DICE SRAMs are in a thin quad 
flat package (TQFP) and the MBU-sensitive SRAMs are in a 
ceramic dual in-line package (DIP). All the test devices were 
de-lidded before heavy-ion exposure. IDT SRAMs contain a 
polyimide layer of about 60 um on the top of the die, which 
was considered in the calculation of ion energy, range, and 
LET. 


B. Radiation source 


Heavy-ion irradiations were conducted at the Heavy Ion 
Research Facility in Lanzhou (HIRFL), using Argon (Ar), 
Krypton (Kr), and Bismuth (Bi) ions with an initial energy 
of 25, 25 and 9.5 MeV/u, respectively. Details regarding the 
beam characteristics under normal incidences are presented in 
Table 2. The ?°°Bi beam experiments were conducted in the 
vacuum chamber, while the Ar and ®Kr beam irradiations 
were performed in air with heavy-ions passing through a vac- 
uun/air transition foil. A flux detector was placed in the beam 
line before the DUTs to monitor the real-time beam flux. 
The ion linear energy transfer (LET) in the DUTs was con- 
veniently adjusted by either inserting energy degraders into 
the beam line (such as aluminum foils) or using angled ion 
strikes, i.e., the effective LET method [3]. For the angled ion 


Package Technology Type 
TQFP 0.18 um CMOS DICE 
TQFP 0.18 um CMOS DICE 
DIP — MBU-sensitive 
DIP 1.3 um 4T2R-NMOS MBU-sensitive 
TABLE 2. Beam characteristics for experiments performed at 
HIRFL 
Ion Initial Energy Energy at die Range LET 
species (MeV/u) surface (MeV/u) (um) (MeV cm?/mg) 
MAT 25 14.9 228.1 7.6 
10.6 139.9 9.5 
5.1 56 13.6 
Kr 25 12.6 138.7 28.1 
5.7 58.8 37.4 
20B; 9.5 8.8 94.6 92.6 
4.3 52.6 99.95 


strikes, the effective LET was increased by a factor of 1/cos 0, 
which can be expressed by the formula 


LETeg = LET / cos 0, (1) 


where LET err is the effective LET of tilted ions incident at an 
angle of 0 from the normal to the surface plane of the device 
and LET» is the initial ion LET at normal incidence. 


Beam 


Fig. 1. (Color online) Schematic diagram of the beam direction. 
For clarity, the DUT is represented by sensitive volumes covered by 
overlayers and the substrate is not depicted. 


The test boards were mounted on a four-dimension- 
movement platform, which allows for convenient device ro- 
tations. As shown in Fig. 1, the beam direction is defined by 
a tilt angle, 0, and azimuth, y. Tilt angle controls the angle 
from the normal to surface plane of the device, i.e. from the 
positive Z-axis. Azimuth controls the angle from the projec- 
tion of the incoming beam on the surface plane to the posi- 
tive X-axis. The maximum tilt angle was performed under 
different azimuths, as long as the die would not be shadowed 
by the surrounding package material (which is not depicted 
in Fig. 1). The upset data was obtained and compared as 
the effective LET, i.e. the tilt angle of incident ions is the 
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same. During the experiments, other factors, such as beam 
flux, temperature, preset patterns of test devices, mode of the 
test system, etc., are kept constant. 


C. Test systems and MBU identification 


Tests were performed in a dynamic mode with a checker- 
board pattern input at room temperature. The memories were 
continuously scanned by a field programmable gate array 
(FPGA)-based tester. Once one bit-error was detected, sev- 
eral steps were performed automatically by the tester: (i) 
reading the erroneous bit again for confirmation; (ii) record- 
ing the bit-error information including error address, error 
data, and time interval of the previous error; (iii) correcting 
the erroneous bit; and (iv) reading the bit again to confirm 
the correction. The steps are finished in less than 2 um (de- 
pending on the preset access time), then the scan process will 
continue at the next logical address. More than 100 bit-errors 
were accumulated under each test condition, in order to ob- 
tain good statistics. SEU cross sections were calculated by 


g = Nbit—error/ (F - Np + cos 0), (2) 


where Npit-error 1s the number of detected bit-errors, F is the 
beam fluence with a unit of ions/cm?, and M, denotes the 
device capacity. The device current was also monitored for 
protecting the devices burnout from a single event latchup 
(SEL). Once the current exceeds the preset threshold value, 
the power supply will be shut down automatically and the de- 
vice will be reset. 

For MBU identification, the recorded logical error ad- 
dresses of bit-errors were converted to physical addresses 
based on the memory bit map [16]. One error cluster is treated 
as a MBU based on the following rules: (1) the errors are 
physically adjacent; (ii) the error data are the same due to the 
interleaving architecture of the test devices; and (iii) the time 
intervals are less than the loop period to make sure that the er- 
rors in the cluster were detected in the same loop. A few spe- 
cial cases, which could not be identified by those rules, were 
judged carefully during the identification process. Validity of 
those identification rules can be estimated as follows. The 
predominant failure mode is double adjacent bit-flips caused 
by two ions within the same scanning loop, whose probability 
can be calculated as follows: 


P= Nb (Toop?) , (3) 


where Tjoop is the time of a scanning loop and R is the bit- 
error rate (errors/s) while irradiating, which can be controlled 
by the beam flux. For instance, with Ny, = 262 144bits, a 
Tioop = 6.6 ms and R = 10errors/s. Then, the failure prob- 
ability equals 1.3 x 1077 per loop. In fact, for the ~ 10000 
bit-errors accumulated during the total SEU testing, there is 
only ~ 2% of probability that an erroneous judgment hap- 
pened. Low beam flux and high scanning speed are necessary 
to make the identification rules valid. The MBU patterns un- 
der different azimuths were also summarized for comparison. 
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II. EXPERIMENTAL RESULTS AND ANALYSIS 


The experimental results are presented below in the fol- 
lowing order. First, SEU cross sections of DICE SRAMs 
and MBU-sensitive SRAMs under different ion azimuths, but 
same tilt angles, are measured and compared to probe the az- 
imuthal dependence of single event sensitivity. Then, based 
on the bit-error information recorded by the test system, all 
types of MBUs, including double-bit upset (DBU), TBU, and 
QBU, were identified using the previous judgment rules. The 
ratios and patterns of those MBU types under different tilt 
angles and azimuths are shown for comparison. 


A. SEU cross section 


SEU cross sections of DICE-4Mb and DICE-8Mb SRAMs 
under normal and tilted incidence are shown in Fig. 2. De- 
pending on the test devices, a discrepancy from 24.5% to 
50% is shown between two perpendicular azimuths (A0° and 
A90°) at the same tilt angle of 30° for **Kr ions. While the 
209Bi ions with a tilt angle of 30° show no clear difference 
in the SEU cross section between two reverse azimuths (A0° 
and A180°). The large decrement of SEU cross sections at 
a tilt angle of 45° and an azimuth of 180° is attributed to the 
shadowed die by the surrounding package material. As a con- 
sequence, only part of SVs in the memory were exposed to 
irradiation, which should be paid special attention to during 
angular measurement of device sensitivity. 
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Fig. 2. (Color online) SEU cross sections of DICE-4 Mb and 8 Mb 
SRAM devices are plotted as a function of effective LET. The “Kr 
and *Bi ions were used to irradiate the devices. Under tilt angle 
of 30° of “Kr ions, azimuths of 0° and 90° were performed and 
compared. Under tilt angles of 30° and 45° of 7Bi ions, azimuths 
of 0° and 180° were performed and compared. 


Note that, at a LET value of 92.6 MeV cm?/mg, the SEU 
cross section of DICE-4Mb SRAM under normal incidence 
equals 4.61 x 107° cm?/device, i.e., 1.1 x 1071! cm?/bit 
(treated as the plateau cross section here), which corresponds 
to a surface area of SV in a memory cell of about 0.0011 um? 
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in the RPP model. This result can be very misleading during 
on-orbit error rate prediction of this RHBD-SRAM, which is 
built with 0.18 um CMOS technology. If the depth of SV is 
routinely set as 1 ym (as in the CREME [6] or Space Radia- 
tion software [19]), this will create a long RPP with an inap- 
propriate width(length)/depth ratio, resulting in an incorrect 
on-orbit error rate prediction. Moreover, the SEU cross sec- 
tion exhibits significant dependence on the tilt angle. The 
SEU cross section under a tilt angle of 60° for **Kr ions 
is more than one order of magnitude higher than that under 
normal incidence. Inverse-cosine law in the effective LET 
method [1] does not apply in this kind of design because 
the SEU cross section under a tilt incidence of 60° for **Kr 
ions (with an effective LET of about 75 MeV cm?/mg) is one 
time larger than that under normal incidence for 7°’Bi ions 
(with an LET of about 92.6 MeV cm?/mg). Additionally, the 
SEU cross section continues to increase quickly, even in the 
effective LET range of 92.6 to 131 MeVcm?/mg. One time 
increment was observed as the tilt angle changed from 0° to 
45°. 

The underlying reasons for the azimuthal dependence or in- 
dependence of SEU cross section on DICE-SRAM devices lie 
in the device layout. A simple schematic of the DICE struc- 
ture is shown in Fig. 3. As mentioned previously, the DICE 
topology requires a charge collection at two sensitive vol- 
umes in a memory cell for an upset to occur. Thus, the main 
mechanism for triggering a SEU is charge sharing, which re- 
sults from the diffusion process and parasitic bipolar conduc- 
tion [20], given that the incident ion cannot directly strike 
the two sensitive nodes simultaneously. As a consequence, 
the average physical distance between the two sensitive vol- 
umes along different axes, which affects the preference of the 
diffusion process, is a key parameter in determining the SEU 
response under different azimuths. The inherent anisotropic 
layout of RHBD structures leads to the azimuthal dependence 
of SEU cross sections. Similarly, due to the symmetrical dis- 
tribution of sensitive nodes along the X-axis, no azimuthal 
dependence was observed between the azimuths of 0° and 
180°. 


Fig. 3. The DICE memory cell. 


The SEU cross sections of IDT-256kb and IDT-64kb 
SRAMs under normal and tilted incidence are shown in 
Fig. 4. Three azimuths (A0°, A45° and A90°) at tilt angles 
of 30° and 45° for **Kr ions were performed, but no clear 
azimuthal dependence was observed for both IDT SRAM de- 
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vices. The SEU cross section also exhibits weak dependence 
on the tilt angle. Those results are attributed to the fact that 
the SEU cross section tends to plateau in the LET region of 
84Kr ions and will be further discussed in the next section. 
Note that the SEU cross section in Fig. 4 is calculated by 
Eq. (2), which counts a MBU as several errors. If we count 
a MBU as one error, the plateau cross section of the IDT- 
256kb SRAM is about 1.6 x 1077 cm?/bit, corresponding to 
a surface area of SV in a memory cell of about 16 um? in the 
RPP model. Unlike the DICE-SRAM discussed previously, 
this value fits with the reverse-engineering results shown in 
Fig. 5, which also supports the validity of our test results. 
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Fig. 4. (Color online) The DICE memory cell. SEU cross sections 
of IDT-256kb and 64kb SRAM devices are plotted as a function of 
effective LET. The “Ar and 7°°Bi ions were used to irradiate the de- 
vices under normal incidence. Under tilt angles of 30° and 45° of 
škr ions, azimuths of 0°, 45° and 90° were performed and com- 
pared. 


B. MBU ratios and patterns 


For the DICE-SRAM devices, due to the hardened design, 
only a few DBUs were detected under the largest tilt an- 
gle. Thus, no enough data was acquired to investigate the 
azimuthal dependence on the MBU ratio. While for the IDT- 
256kb SRAM, as studied by Koga et al. [16] and our previous 
work [17, 18], MBU can be easily triggered under tilted in- 
cidence. Moreover, we found that under normal incidence, 
MBU accounted for more than half of all the bit-errors at an 
LET value of 37.4 MeV cm?/mg, with increasing probability 
as tilt angle increased. However, the increment of MBU ratio 
as tilt angle changed from 0° to 45° was less than 10% and 
no clear difference was observed between MBU ratios under 
different azimuths and the same tilt angle, which explained 
the weak dependence of SEU cross sections on the tilt angle 
and azimuth (note that the SEU cross section here treated a 
MBU as several errors). 

To analyze the MBU characteristics in more detail, MBU 
patterns under different azimuths are further investigated. 
Here, MBU pattern means the physical arrangement of the 
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TABLE 3. Cumulative DBU patterns induced by **Kr ions at normal 
incidence and at tilt angle of 30° and 45° under three azimuths in 
IDT-256kb SRAMs 


Tilt angle Azimuth a [a 
LT H a ie 
0° 0° 107 63 4 0 i 
30° 0° ae a E o ; 
45° 129 82 29 0 1 
90° 97 65 23 0 | 
45° 0° 170 52 15 0 1 
45° 143 57 30 0 0 
90° 97 98 16 1 1 


flipped-bits in a MBU. DBU patterns induced by ions at nor- 
mal and tilted incidences under three azimuths are reported in 
Table 3. For the normally incident ions, the majority of DBU 
events involved two adjacent cells along the X-axis, followed 
by the occurrence of two adjacent cells along the Y-axis and 
two cells in the diagonal. The underlying reasons are dis- 
cussed as follows. As shown in Fig. 5, sensitive regions of 
adjacent cells are periodically separated by the bitline/bitline 
bar (BL/BLB) contacts along the Y-axis direction, causing 
anisotropic distribution of sensitive volumes in the device lay- 
out. Thus, charges created by normally incident ions in the 
p-well can more easily diffuse to be shared by horizontally 
adjacent cells, due to the shorter inter-cell distance, leading 
to more DBUs along the X-axis. 


Beam with A90° 


z Beam with A0° 
© NMOS drainsima 
memory “cell 


| BL/BLB contacts) > ¢ 


Fig. 5. (Color online) Scanning Electron Microscope (SEM) picture 
at POLY of IDT-256kb SRAM device after reverse engineering. Two 
NMOS drains in the 4-transistor, polysilicon resistor load SRAM 
cell are marked in the figure. One of them is considered as the SEU 
sensitive region, depending on the storage state of the memory cell. 


For the tilted incidence, DBU patterns induced by ions un- 
der three azimuths are listed in Table 3. Here, we define a pa- 
rameter, R, which equals the amount of along--X -axis DBUs 
divided by the amount of along-Y-axis DBUs, as a useful 
parameter for comparison. Note that R varies dramatically 
from 3.3 to 1 as the azimuth of incident ions changes from 
0° to 90° (with tilt angle of 45°). Additionally, tilted ions 
at the diagonal incidence, i.e., under an azimuth of 45°, in- 
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duce about twice the amount of diagonal DBUs than the other 
two azimuths with a tilt angle of either 30° or 45°. Those 
results suggest that tilted ion-induced MBU patterns are ion 
trajectory-oriented. As illustrated in Fig. 5, although the tilt 
angle is the same, the direction of ion trajectory among the 
SVs is different for beam with A0° or A90°, inducing prefer- 
able DBU patterns along the incident direction. To conclude, 
the beam direction relative to the layout of the device strongly 
impacts the DBU patterns, which are also affected by the spa- 
tial layout of SVs. 

Due to smaller dimensions, compared to other patterns, L- 
shaped and square-shaped configurations are the predominant 
patterns of TBU and QBU, respectively (see Table 4 and Ta- 
ble 5), regardless of the beam direction. Similar results about 
predominant MBU patterns induced by protons with different 
energies were shown and discussed in Ref. [21]. Trajectory- 
oriented patterns are identified again in the non-predominant 
QBU patterns, although fewer events were observed. 


IV. IMPLICATIONS FOR HARDNESS ASSURANCE 
TESTING 


Previous experimental results pose great challenges to the 
applicability/accuracy of the RPP/IRPP model in RHBD de- 
vices. As stated before, one inherent assumption of the RPP 
model is that the charges resulting into an upset are collected 
in a single volume. Based on that, several important param- 
eters, such as surface sensitive area and critical charge, can 
be extracted from the earth-based testing results for on-orbit 
error rate predictions. However, for RHBD devices (such as 
DICE, TMR, or ADE), the RPP/IRPP model may fail or un- 
derestimate the on-orbit error rates if only normally incident 
ions are used for measurements in the earth-based testing. 
Those hardening approaches are inherently sensitive to tilted 
incidence and azimuthal testing. Angular and azimuthal de- 
pendence on SEU cross sections in DICE circuits should be 
considered in the hardness assurance testing and error rate 
prediction method. To avoid underestimation of the device 
sensitivity, azimuthal testing should be conducted to find the 
worst case response, especially in devices with an anisotropic 
layout. 

As technology downscales, MBUs are becoming in- 
creasingly important, due to reduced cell distance, re- 
duced cell sensitivity, and reduced cell dimensions. MBUs 
can significantly contribute to the error rates. Traditional 
RPP/IRPP models should be promoted to take this effect 
into consideration, especially for advanced MBU-sensitive 
memories. The inner mechanisms that should be consid- 
ered includes charge drifting, diffusion, parasitic bipolar 
amplification, and also ion track effects, which is particularly 
important in nanometric devices since that single ion track 
can be large enough to cover several SVs. Angular and az- 
imuthal dependence on MBU response in the previous results 
also suggest the necessity of complete tilted ion strikes during 
heavy-ion accelerator tests in MBU-sensitive devices, which 
is also motivated by the fact that space particles strike the de- 
vices from all directions. 
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TABLE 4. Cumulative TBU patterns induced by *Kr ions at normal incidence and at tilt angle of 30° and 45° under three azimuths 


Tilt angle Azimuth TBU patterns a 
H- PHA EE H others 
0° 0° 70 0 0 0 0 
30° 0° 77 2 0 0 N 
45° 83 3 1 0 0 
au i 1 0 0 0 
45° 0° 89 5 1 0 0 
45° 102 4 0 1 0 
90° 114 0 0 0 0 


TABLE 5. Cumulative QBU patterns induced by “Kr ions at normal incidence and at tilt angle of 30° and 45° under three azimuths 


Tilt angle Azimuth QBU patterns 
HH Hy cth $ P others 
0° 0° 7 0 0 0 0 0 
30° 0° 1 0 0 0 0 0 
= 3 0 0 0 0 0 
90° 4 0 0 0 0 0 
a 0° 7 3 l 0 0 0 
45° 4 l i o ; r 
90° 6 0 0 4 2 2 


V. CONCLUSION 


Heavy-ion experiment results show that beam direction rel- 
ative to the layout of test device can be of significant impor- 
tance in SEE responses of anisotropic SRAM devices. Di- 
rect comparisons between three beam azimuths are performed 
with ions incident at the same tilt angles, i.e., same effective 
LET. The strong impact of ion azimuth on the SEU data and 
MBU patterns of DICE and MBU-sensitive SRAM devices 
are observed in this work. In the DICE-SRAM devices, a 
discrepancy from 24.5% to 50% in the SEU cross section is 
shown between two perpendicular azimuths at the same tilt 
angle of 30°. The primary reason lies in the anisotropic dis- 
tribution of SVs in the DICE structure. Moreover, the SEU 
cross section exhibits significant dependence on the tilt an- 
gle. Inverse-cosine law in the effective LET method does not 
apply in this kind of design. 


Due to the BL/BLB contact isolations of SVs along the 
Y-axis, the majority of DBU events induced by normally 
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